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We characterized the gene required to initiate the degradation of 2,4-dichlorophenoxyacetic acid (2,4-D) by
the soil bacterium Burkholderia sp. strain TFD6, which hybridized to the tfdA gene of the canonical 2,4-D
catabolic plasmid pJP4 under low-stringency conditions. Cleavage of the ether bond of 2,4-D by cell extracts
of TFD6 proceeded by an a-ketoglutarate-dependent reaction, characteristic of TfdA (F. Fukumori and R. P.
Hausinger, J. Bacteriol. 175:2083–2086, 1993). The TFD6 tfdA gene was identified in a recombinant plasmid
which complemented a tfdA transposon mutant of TFD6 created by chromosomal insertion of Tn5. The plasmid
also expressed TfdA activity in Escherichia coli DH5a, as evidenced by enzyme assays with cell extracts.
Sequence analysis of the tfdA gene and flanking regions from strain TFD6 showed 99.5% similarity to a tfdA
gene cloned from the chromosome of a different Burkholderia species (strain RASC) isolated from a widely
separated geographical area. This chromosomal gene has 77.2% sequence identity to tfdA from plasmid pJP4
(Y. Suwa, W. E. Holben, and L. J. Forney, abstr. Q-403, in Abstracts of the 94th General Meeting of the American
Society for Microbiology 1994.). The tfdA homologs cloned from strains TFD6 and RASC are the first chromosomally encoded 2,4-D catabolic genes to be reported. The occurrence of highly similar tfdA genes in different
bacterial species suggests that this chromosomal gene can be horizontally transferred.
comitant with conversion of 2,4-D to 2,4-DCP and glyoxylate
(14). In contrast to the tfdB, tfdC, tfdD, tfdE, and tfdF genes,
the tfdA gene exhibits no significant similarity to other known
gene sequences in chloroaromatic metabolism, and the reaction catalyzed by the 2,4-D/a-ketoglutarate (a-KG) dioxygenase (TfdA) appears to be unique to 2,4-D catabolism (14).
Studies from our group have shown that genetic diversity
exists among genes required for 2,4-D degradation by soil
bacterial populations (5, 25–27, 37, 52, 53). Soil bacteria able
to degrade 2,4-D have been isolated from widely separated
geographical locations, including Michigan, Oregon, Canada,
and Australia. Samples of total genomic DNA from 53 such
isolates were tested for homology to plasmid pJP4 of A. eutrophus JMP134. Of the 53 isolates, 32 did not have strong homology to pJP4 in colony hybridization experiments (52). The
probe included tfdA, tfdB, tfdC, tfdD, tfdE, and tfdF of the
canonical pJP4-encoded 2,4-D catabolic pathway, as well as the
plasmid backbone of pJP4. The lack of strong homology to
pJP4 indicates that substantial differences exist among gene
sequences encoding 2,4-D catabolic enzymes.
In this paper, we report the characterization of a gene that
is isofunctional but not highly homologous to the tfdA gene of
plasmid pJP4. We demonstrate that the gene is chromosomally
encoded, not carried on a conjugative plasmid. However, dissemination of this chromosomal DNA fragment occurs in nature, as
indicated by isolation of the gene from two different species of
Burkholderia, one originating in Michigan and the other originating in Oregon. These findings indicate that transfer of chromosomally encoded as well as plasmid-encoded genes contributes to
the evolution of microbial 2,4-D catabolic capabilities.

The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) is metabolized by a variety of microorganisms (1, 20, 25, 52). Previous studies suggest that 2,4-D catabolic genes are usually
encoded on conjugative plasmids (1, 3, 7, 8, 12, 34, 39, 40). The
2,4-D catabolic genes of Alcaligenes eutrophus JMP134(pJP4)
have been extensively characterized (9, 21, 29, 30, 39, 41, 42,
49). Plasmid pJP4 is an 80-kb, broad-host-range, self-transmissible plasmid encoding tfdA, tfdB, tfdC, tfdD, tfdE, and tfdF—
six of seven genes required for the conversion of 2,4-D to
products of intermediary metabolism (9). These genes are organized into three transcriptional units. Both the 2,4-dichlorophenol (2,4-DCP) hydroxylase operon encoding tfdB and the
dichlorocatechol oxidation operon composed of tfdCDEF are
contained within a 7,954-bp HindIII-SstI fragment (41). TfdB
hydroxylates 2,4-DCP to form 3,5-dichlorocatechol, and the
tfdB gene is similar in sequence to the phenol monooxygenase
gene, pheA, of Pseudomonas sp. strain EST1001 (38, 41). The
tfdCDEF genes encode enzymes that convert 3,5-dichlorocatechol to chloromaleylacetate, which enters the tricarboxylic
acid cycle after dechlorination by the chromosomal chloromaleylacetate reductase gene (32). The tfdCDE gene sequences
(41) are similar to those of the chlorocatechol degradation
genes, clcABD (13) and tcbCDE (57).
The tfdA gene, which encodes the first enzyme of the known
2,4-D degradation pathway encoded on pJP4, is located 13 kb
away from the tfdCDEFB gene cluster (49). This enzyme transforms a-ketoglutarate to succinate and carbon dioxide con* Corresponding author.
† Present address: National Institute for Resources and Environment, Tsukuba, Japan.
‡ Present address: Department of Agronomy, Purdue University,
West Lafayette, IN 47906.
§ Present address: Division of Biological Sciences, The University of
Montana, Missoula, MT 59812.

MATERIALS AND METHODS
Transposon mutagenesis of strain TFD6. Burkholderia sp. strain TFD6 is a
gram-negative, rod-shaped, 2,4-D-degrading bacterium that was isolated from
soil with a history of 2,4-D application at Kellogg Biological Station, Hickory
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Corners, Mich. (52). Strain TFD6 was identified to the genus level by 16S rDNA
sequence analysis (24, 35). Strain 1B is a 2,4-D-negative mutant of strain TFD6
in which the tfdA gene was insertionally inactivated by transposon Tn5 by using
plasmid pRL1062a, a suicide vector for the delivery of Tn5 (58). This vector has
a narrow host range and can be used to mobilize Tn5 into recipient strains by
selecting for kanamycin resistance, which is encoded by Tn5. Plasmid pRL1062a
was introduced into strain TFD6 via electroporation with a Gene Pulser (BioRad Laboratories, Richmond, Calif.) at 1.5 kV for approximately 4.5 ms. The
manufacturer’s recommendations were followed for growth phase and preparation of competent cells, concentration of cells and DNA, and recovery media
following electroporation. The growth and recovery temperature was 308C for
TFD6 and its derivatives. For growth of competent cells, strain TFD6 was
cultured in MSC2 medium, a mineral salts medium supplemented with 0.3%
Difco Casamino Acids and 250 mg of 2,4-D (Sigma Chemical Co., St. Louis, Mo.)
per ml. The mineral base consisted of 10 mM Na2HPO4, 10 mM KH2PO4, 2.5
mM (NH4)2SO4, 0.2 mM MgSO4 z 7H2O, 50 mM CaCl2 z 2H2O, 8.6 mM disodium EDTA, 10 mM FeSO4 z 7H2O, 4 mM ZnSO4 z 7H2O, 10 mM
MnSO4 z H2O, 1.5 mM CuSO4 z 5H2O, 8 mM Co(NO3)2 z 6H2O, and 1 mM
(NH4)6Mo7O24 z 4H2O. For solid medium, 1.5% (wt/vol) Bacto Agar (Difco,
Detroit, Mich.) was added.
Screening of Tn5 mutants. Transformants were plated on nitrocellulose filters
(Schleicher & Schuell, Keene, N.H.) placed on MSC2K agar (MSC2 supplemented with 100 mg of kanamycin [Sigma] ml21 to select for Tn5) and incubated
at room temperature. Mutants that had lost the ability to incorporate 2,4-D into
biomass were identified by the method of Dunbar et al. (10) as follows. When
colonies were clearly visible, replicate filters were prepared and placed on the
same medium, also containing 0.5 mCi of ring-labeled [14C]2,4-D per 25 ml of
agar medium. Master filters were transferred to fresh MSC2K agar. Replicate
filters were incubated overnight on the radiolabeled substrate and then transferred for 20 min onto phosphate-buffered agar with 750 mg of unlabeled 2,4-D
per ml to remove unincorporated [14C]2,4-D. The filters were then air dried and
placed under X-Omat film (Kodak, Rochester, N.Y.) overnight. Autoradiograms
were superimposed on the dried filters, and 2,4-D2 mutants were identified as
colonies that were visible on filters but failed to incorporate the label into
biomass (i.e., they were unable to metabolize 2,4-D) as indicated by lack of signal
on autoradiograms. Those colonies were purified from the master filters and
confirmed to be 2,4-D2 by incubation in MSC2K broth and subsequent measurement of residual 2,4-D by high-pressure liquid chromatography (HPLC) as
described previously (23).
Complementation of the 2,4-D2 mutant with the tfdA gene from pJP4. The
2,4-D2 mutant designated 1B was shown to be deficient in TfdA function by
complementation with tfdA carried on plasmid pYS11 (50). This plasmid was
constructed by cloning the 1.2-kb SphI fragment of pUS311 (14), containing the
tfdA gene of pJP4, into the SphI site of the broad-host-range plasmid pSP329.
Plasmid pSP329 was constructed by Ksenzenko (31) by cloning the HaeII fragment of pUC18 into pTJS75 (45). Transformation of 1B by electroporation with
pYS11 occurred at a frequency of 1022 per recipient. Transformants were selected on MSC2KT (MSC2K supplemented with 20 mg of tetracycline ml21 to
select for pSP329 and its derivatives) and then screened for restored 2,4-D
degradation ability by the [14C]2,4-D assay described above. Complementation of
1B was confirmed by incubation of transformants in MSC2KT broth and subsequent HPLC analysis of residual 2,4-D.
Molecular biology techniques. Restriction endonucleases and DNA-modifying
enzymes were purchased from Gibco BRL, Gaithersburg, Md., Boehringer
Mannheim Corp., Indianapolis, Ind., and New England Biolabs, Inc., Beverly,
Mass., and used as specified by the manufacturers. Alkaline lysis and isolation of
plasmid DNA, agarose gel electrophoresis, and Southern transfer were all performed by standard techniques (43). Total genomic DNA was purified as described by Ausubel et al. (2). Probes for hybridization experiments and fragments
to be subcloned were gel purified from SeaPlaque low-melting-point agarose
(FMC BioProducts, Rockland, Maine) with the Gene Clean Kit (BIO 101, Inc.,
La Jolla, Calif.).
Localization of the Tn5 insertion site in mutant 1B. Purified plasmid and total
genomic DNA from mutant 1B and wild-type TFD6 were digested with EcoRI.
The resulting restriction fragments were size fractionated on a 0.8% agarose gel,
blotted onto a Hybond N nylon membrane (Amersham) by capillary transfer
(47), and hybridized with a probe to the 1.1-kb HindIII-SmaI internal fragment
of Tn5 (22).
Southern blot hybridizations. Probe DNA was labeled with digoxigenin-dUTP
by using a nonradioactive DIG DNA labeling and detection kit (Boehringer
Mannheim Corp.) as recommended by the manufacturer. Prehybridization and
hybridization solutions were also as recommended for the digoxigenin kit and
contained 53 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate) (2),
0.1% N-lauroylsarcosine, 0.02% sodium dodecyl sulfate (SDS), 5% blocking
reagent, and 50% formamide. The filters were prehybridized for at least 1 h and
hybridized overnight with a solution containing denatured digoxigenin-dUTPlabeled probe. Incubation temperatures for prehybridization and hybridization
were increased from the recommended 428C to 628C to achieve very high stringency conditions (90 to 100% homology). For low-stringency (60% homology)
hybridization reactions, formamide was omitted from the prehybridization and
hybridization solutions. The filters were washed twice for 5 min each at room
temperature in 23 SSC–0.1% SDS and then twice for 15 min each at 688C in
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0.13 SSC–0.1% SDS. Color development of digoxigenin-dUTP-labeled probes
was performed by following the instructions enclosed with the kit.
Cloning of the tfdA gene of strain TFD6. The tfdA gene of strain TFD6 was
cloned from a BamHI partial digest of total genomic DNA. Restriction fragments were ligated into pSP329 which had been digested with BamHI and
dephosphorylated with calf intestinal alkaline phosphatase (Bethesda Research
Laboratories). Dephosphorylation and ligation reactions were performed by
following standard protocols (43). Mutant 1B was transformed with the ligation
mixture by electroporation, and transformants were selected on MSC2KT agar.
Clones containing the tfdA gene from TFD6 were identified by the complementation assay with [14C]2,4-D as described above. A recombinant plasmid (pGC3)
containing the cloned tfdA gene from TFD6 was extracted from a complemented
mutant 1B and transformed into Escherichia coli DH5a for propagation and
maintenance. E. coli DH5a was cultured on Luria broth (LB) and LB agar (43)
at 378C. E. coli strains transformed with pSP329 or pGC3 were selected on LB
supplemented with 20 mg of tetracycline per ml. Plasmid DNA was purified from
this E. coli host and transformed into mutant 1B to confirm complementation.
Complementation of mutant 1B by pGC3 was assayed by incorporation of
[14C]2,4-D from MSC2KT agar containing [14C]2,4-D and by degradation of
2,4-D in MSC2KT broth as detected by HPLC analysis of culture fluid after
incubation with the complemented mutant.
Restriction fragments from pGC3 were subcloned into the high-copy-number
plasmid pGEM3Zf(1) (Promega Corp., Madison, Wis.) for more detailed restriction mapping and DNA sequencing. Subclones constructed with
pGEM3Zf(1) were transformed into E. coli DH5a and selected on LB with 300
mg of ampicillin per ml. For blue-white selection, 5-bromo-4-chloro-3-indolyl-bD-galactopyranoside (X-Gal) and isopropyl-b-D-thiogalactopyranoside (IPTG)
(Boehringer Mannheim) were added to the agar plates as described previously
(43).
Comparison of tfdA homologs in wild-type strains, mutants, and clones.
Southern (capillary) blots were prepared from restriction digests of total genomic
DNA extracted from strains JMP134 (which includes plasmid pJP4), TFD6, 1B,
and RASC, as well as plasmids pGC3 and pYC6. Strain RASC is a 2,4-Ddegrading bacterium isolated from sewage sludge in Oregon and kindly provided
by Penny Amy. This strain carries a chromosomal tfdA gene (51). It is also a
species of Burkholderia, although it is phylogenetically distinct from strain TFD6
as judged by 16S rDNA partial-sequence analysis (35). Plasmid pYC6 is a 7.2-kb
EcoRI fragment that contains the tfdA gene from strain RASC cloned into
pGEM3Zf(1) (50). Replicate blots of these DNA samples were hybridized to
probes specific for the tfdA gene of pJP4 and to a tfdA probe derived from a 1-kb
XbaI-PstI chromosomal DNA fragment from strain RASC. This fragment was
adjacent to the Tn5 insert in a TfdA2 mutant of RASC and includes part of the
coding region for the tfdA gene in this strain (50). Hybridizations were performed
under high-stringency conditions (90 to 100% homology between probe and
target) and under low-stringency conditions (60% homology).
Enzyme assays for TfdA activity. The activity of 2,4-D/a-KG dioxygenase
(TfdA) was assayed in cell extracts of strains TFD6 and 1B, as well as E. coli
DH5a containing recombinant plasmids pGC9 and pGC97. The plasmids were
constructed by cloning a 3.4-kb HindIII fragment containing the tfdA gene of
TFD6 into pGEM3Zf(1) in both orientations. E. coli DH5a harboring
pGEM3Zf(1) was included as a negative control. The enzyme assay was performed as described by Fukumori and Hausinger (15). The conditions of this
assay were optimized for TfdA activity and resulted in accumulation of the
product, 2,4-DCP, which is quantified colorimetrically. Briefly, 1-liter cultures of
TFD6 and 1B (in MSC2 and MSC2K, respectively) and 200-ml cultures of E. coli
harboring each recombinant plasmid or the vector (in LB–300 mg of ampicillin
per ml) were grown to late log phase at 308C, with aeration provided by shaking
at 200 rpm. The cultures were harvested by centrifugation and resuspended in 2.5
ml of 10 mM Tris (pH 7). The cell suspensions were passed through a French
pressure cell at 120 MPa three times for strains TFD6 and 1B and once for E. coli
strains. For each lysate, 1 ml was transferred to a 1.5-ml microcentrifuge tube and
clarified by centrifugation at top speed in a microcentrifuge for 10 min at 48C.
The enzyme assay mixture contained 1 mM a-KG, 50 mM ascorbate, 50 mM
(NH4)2Fe(SO4)2, 1 mM 2,4-D, and either 2, 20, or 100 ml of crude enzyme extract
in 10 mM imidazole buffer (pH 6.75). The volume was adjusted to 1 ml with Milli
Q water. A control reaction mixture that contained 5 mM EDTA to inhibit
enzyme activity was included for each sample. After 30 min at 308C, 5 mM
EDTA was added to each reaction. The 2,4-DCP produced by the dioxygenase
activity was quantified by addition of 100 ml of pH 10 buffer solution (15), 10 ml
of 2% 4-aminoantipyrine, and 10 ml of 8% potassium ferricyanide. The reactions
were allowed to develop for 20 min at room temperature, and the A510 was
determined on a Hewlett-Packard model 8452A diode array spectrophotometer.
The A510 was corrected for background phenol production by subtracting the
absorbance of the control reaction mixture corresponding to each sample. The
concentration of 2,4-DCP was determined by comparison with a standard curve.
Total protein in each crude cell extract was measured with the Bio-Rad protein
assay dye reagent (4) as recommended by the manufacturer, with bovine serum
albumin as a standard. The specific activity of 2,4-D/a-KG dioxygenase was
defined as the number of micromoles of 2,4-DCP produced per minute per
milligram of protein under the assay conditions.
Sequence analysis. Sequencing was performed at the Michigan State University Sequencing Facility with an Applied Biosystems model 373A DNA sequenc-
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FIG. 2. Identification of clones with the 2,4-D/a-KG dioxygenase gene of
strain TFD6. Mutant 1B transformed with a mixture of TFD6 genomic DNA
fragments ligated into pSP329 was plated on nitrocellulose filters and incubated
on ring-labeled [14C]2,4-D. The autoradiogram is superimposed on the dried
filter, demonstrating incorporation of radioactive label by two putative clones.

FIG. 1. Localization of the Tn5 insertion to the chromosome of mutant 1B.
(Left panel) Agarose gel electrophoresis of EcoRI digests of plasmids pTFD6
and p1B and genomic DNA from strain TFD6 and mutant 1B. (Right panel)
Capillary blot of agarose gel hybridized to an internal fragment of Tn5. Each lane
contains approximately 1 mg of DNA.
ing system and 221m13 and m13 reverse primers. Gaps between the sequences
obtained from subclones were filled in by using 18-bp primers homologous to
regions flanking the gaps. These primers were synthesized at the Macromolecular Structure Facility, Department of Biochemistry, Michigan State University.

RESULTS
Transposon mutagenesis of strain TFD6. Insertion of Tn5
into the genome of Burkholderia sp. strain TFD6 occurred at a
frequency of about 1025 per recipient. Approximately 0.03%
of the transposon mutants were unable to metabolize 2,4-D as
determined by their inability to incorporate radioactive label
from [14C]2,4-D into the biomass. A 2,4-D2 mutant designated
1B was purified from the replicate master plate and confirmed
to be 2,4-D2 by incubation in MSC2K broth (containing 250
mg of 2,4-D per ml) and subsequent HPLC analysis of residual
2,4-D. While TFD6 degraded 250 mg of 2,4-D per ml to undetectable levels within 2 days, none of the added 2,4-D was
depleted in cultures of mutant 1B incubated for 14 days.
Complementation of mutant 1B with the tfdA gene of pJP4.
Transformation of the 2,4-D2 mutant 1B with pYS11 (which
contains the tfdA gene of pJP4) restored the ability of this
mutant to degrade 2,4-D. The resulting transformants incorporated label from [14C]2,4-D into biomass, while mutant 1B
cells transformed with the vector pSP329 as a control did not
(data not shown). This result suggested that the Tn5 insertion
in mutant 1B inactivated the expression of a tfdA gene. Incubation of complemented mutants in MSC2KT broth with subsequent analysis of residual 2,4-D by HPLC confirmed the
2,4-D1 phenotype of the complemented mutant.
Localization of the chromosomal tfdA gene. The Tn5 insertion which inactivated the tfdA gene in mutant 1B was classified as chromosomal by hybridization of purified plasmid and
total genomic DNA to the nptII probe (22) from an internal
region of Tn5. The probe hybridized to total DNA but not to
the purified plasmid fraction, suggesting that the interrupted
gene was located on a large replicon and not on a typical
catabolic plasmid (Fig. 1).

Cloning of the chromosomal tfdA gene of strain TFD6. The
tfdA gene of strain TFD6 was cloned by ligation of BamHIdigested DNA into an expression vector. The ligation mixture
was transformed by electroporation into mutant 1B at a frequency of 1022 per recipient. Approximately 0.15% of transformed colonies screened on MSC2KT agar containing ringlabeled [14C]2,4-D incorporated the label into biomass, as
shown in Fig. 2. The colony producing the most intense signal
on the autoradiogram was designated GC3 and purified for
further analysis. Mutant 1B was transformed with the recombinant plasmid pGC3 to confirm its ability to complement the
mutation in tfdA. Transformants able to metabolize 2,4-D were
screened by demonstrating incorporation of 14C from [14C]2,4D as described above. The 2,4-D1 phenotype was further confirmed by incubation in MSC2KT broth and subsequent HPLC
analysis. Plasmid pGC3 was maintained in E. coli DH5a.
A restriction site map of the 4.4-kb BamHI fragment in
pGC3 which contains the tfdA gene of TFD6 is shown in Fig.
3. To localize the tfdA gene, several subclones were constructed, transformed into mutant 1B, and subjected to
complementation analysis with [14C]2,4-D incorporated into
MSC2KT agar (Fig. 3). The results indicated that the tfdA gene
is encoded on the 3.4-kb HindIII fragment of pGC7.
Comparison of tfdA homologs. The restriction maps of
pGC3 and its derivatives showed that the tfdA gene of strain
TFD6 was dissimilar to tfdA of pJP4, in that the latter contains
an EcoRI site. The map of pGC3 was identical to the corresponding chromosomal fragment cloned from Burkholderia sp.
strain RASC into plasmid pYC6 (50). The similarity of the
cloned fragments was striking, since strains TFD6 and RASC
are different species according to 16S rDNA sequence analysis
(35) and have different DNA fingerprints and carry different
plasmids (52). The two strains were also isolated from very
different environments in widely separated geographical locations. Strain TFD6 was isolated from a mid-Michigan agricultural soil previously treated with 2,4-D (52), and strain RASC
was isolated from sewage sludge in Oregon, similar to other
isolates described by Amy et al. (1).
The tfdA gene of strain TFD6 exhibited homology to tfdA
from pJP4 when hybridized under low-stringency conditions
but hybridized to the tfdA gene of strain RASC under highstringency conditions (Fig. 4). Under high-stringency condi-
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FIG. 3. Cloning of DNA fragments of TFD6 by using the broad-host-range plasmid vector pSP329 or the high-copy plasmid vector pGEM3Zf(1). The 2,4-D
phenotype of subclones constructed with pSP329 and propagated in mutant 1B was determined by uptake of radioactive label from agar containing ring-labeled
[14C]2,4-D and by HPLC analysis after incubation in 2,4-D broth. Enzyme activity analogous to that of TfdA was assayed in subclones constructed in pGEM3Zf(1)
and propagated in E. coli. Numbers indicate distances from zero in kilobases.

tions, tfdA from pJP4 hybridized only to JMP134 genomic
DNA. In contrast, tfdA from strain RASC hybridized to TFD6,
1B, and RASC genomic DNA as well as to pGC3 and pYC6
plasmid DNA, but not to genomic DNA from strain JMP134.
Under low-stringency conditions, the tfdA gene of pJP4 hybridized to all the strains, indicating that the cloned tfdA (TFD6)
gene shares at least 60% sequence homology with tfdA (pJP4).
Insertion of Tn5 into the genome of mutant 1B caused the
4.4-kb BamHI fragment (containing the tfdA gene in TFD6) to
shift to a position equivalent to 5.3 kb. When hybridized to tfdA
(pJP4) at low stringency, a second band appeared in the same
lane at around 1.9 kb. A probe specific for Tn5 also hybridized
under high-stringency conditions to both the 5.3- and 1.9-kb
bands in BamHI-digested DNA from mutant 1B (data not
shown). These results corroborate the position of Tn5 within
the tfdA gene of mutant 1B.
Enzyme assays for TfdA activity. Functional evidence for the
presence of a gene isofunctional to tfdA in strain TFD6 and
interruption of the gene in mutant 1B is provided by the results
of the TfdA enzyme assay (Table 1). Activity analogous to that
of TfdA was detected in a crude cell extract of strain TFD6 but
was negligible in an extract of mutant 1B. The protein was
expressed in E. coli from recombinant plasmids pGC9 and
pGC97, constructed by ligating the 3.4-kb HindIII fragment of
pGC3 in both orientations into the high-copy-number cloning
vector pGEM3Zf(1) (Table 1; Fig. 3). A dramatic orientation
effect was observed, which strongly suggests that transcription
of the gene is from the lac promoter in pGC97.
Sequence analysis. The smallest fragment of pGC3 which
hybridized to tfdA of strain RASC was the PstI fragment sub-

cloned into pGC14 (data not shown). Thus, sequencing was
initiated within this fragment. The sequence of the entire tfdA
gene was obtained, plus 51 nucleotides upstream of the translation start codon and 167 nucleotides downstream of the stop
codon. Comparative analysis revealed 99.5% homology to the
coding region and flanking regions of the tfdA gene of strain
RASC (GenBank accession number U25717 [50]). Single base
substitutions occur between the TFD6 and RASC sequences,
and there is an apparent GC inversion at nucleotide 346.
Amino acid translations of the tfdA sequences from strains
TFD6 and RASC were identical, with the exception of one
nonconserved replacement of an Arg codon (CGC) in TFD6
for an Ala codon (GCC) in RASC at nucleotide 346. Interestingly, the G1C content of the sequence shown is 60%, slightly
lower than the published value of 66% for Burkholderia spp.
(59), suggesting that this DNA segment may have been acquired by horizontal gene transfer.
DISCUSSION
Previous studies of 2,4-D degradation described or assumed
the existence of 2,4-D catabolic genes on plasmids (1, 3, 7, 8,
34), suggesting that conjugative spread of a few ancestral plasmids accounts for the widespread occurrence of 2,4-D catabolic ability among environmental microorganisms. Suwa et al.
(51) were the first to report the chromosomal location of a
gene isofunctional to the tfdA gene of plasmid pJP4. This study
provides evidence of mobility of that chromosomal gene between bacteria in the environment.
Several lines of evidence indicate that the chromosomal tfdA
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FIG. 4. Homology of the 2,4-D/a-KG dioxygenase gene from strain TFD6 to tfdA from pJP4 and tfdA from strain RASC. Each lane contains approximately 1 mg
of DNA digested with BamHI. Lanes: 1, A. eutrophus JMP134; 2, pGC3; 3, strain TFD6; 4, Tn5 mutant 1B; 5, strain RASC; 6, pYC6.

gene of Burkholderia sp. strain TFD6 may reside on a mobile
element that has been transferred between microbes in the
environment. First, the tfdA gene of strain TFD6 exhibits
99.5% sequence similarity to the tfdA gene cloned from Burkholderia sp. strain RASC, although these two strains are phylogenetically distinct on the basis of partial 16S rDNA sequence analyses (35). Second, a congruency analysis revealed
that the 16S rDNA sequences, which are known to be highly
conserved, have diverged more between the two strains than
have the tfdA sequences (35). This suggests that the two strains
acquired the tfdA gene after differentiating into distinct species
at the level of rRNA (11). Third, the G1C content of the
chromosomal tfdA sequence is about 6% lower than the reported value for Burkholderia spp. (59), also suggesting acquisition of foreign DNA. Fourth, the chromosomal tfdA genes in
the two strains are carried on identical 4.4-kb BamHI restriction fragments but different EcoRI restriction fragments (16).
Strain RASC contains a 7.2-kb EcoRI fragment encoding tfdA,
while the hybridizing band from strain TFD6 measured 9.5 kb.
The EcoRI site shown on the restriction map of pGC3 (Fig. 3)
corresponds to one end of the 7.2-kb EcoRI fragment cloned
from strain RASC into pYC6 (50). This polymorphism dem-

TABLE 1. 2,4-D/a-ketoglutarate activity in cell extracts
Strain

Sp act (1022)a

TFD6 .......................................................................................... 0.36
1B................................................................................................ 0.021
DH5a(pGEM) .......................................................................... 0.00
DH5a(pGC9) ............................................................................ 1.70
DH5a(pGC97) .......................................................................... 116.0
a
Specific activity is defined as micromoles of 2,4-dichlorophenol produced per
minute per milligram of protein under the assay conditions.

onstrates that differences in the restriction maps of the two
strains occur within 7.2 kb of the EcoRI site shown on the map
of pGC3. In addition, the two strains yielded different patterns
of hybridization to gene probes derived from the tfdB and tfdC
genes of plasmid pJP4 (16). The DNA from strain TFD6 hybridized at high stringency to both tfdB and tfdC probes derived from pJP4, while strain RASC DNA hybridized to tfdB
under low-stringency conditions only and did not hybridize at
all to tfdC. While hybridization data alone do not confirm the
presence or absence of functional genes, these differences support the speculation that the chromosomal tfdA gene was recruited for assembly of a 2,4-D catabolic pathway.
Mechanisms contributing to acquisition of genes by microorganisms for the catabolism of xenobiotic substrates such as
2,4-D have been reviewed (56). In addition to conjugation,
transduction and transformation can mediate chromosomal
and plasmid DNA transfer in the environment (33, 44). The
foreign DNA must be integrated into the host DNA before it
can be maintained. Some catabolic genes reside on transposable elements and are thus flanked by insertion sequences
which facilitate their mobilization and recombination. Six different transposons have been shown to encode aromatic or
haloaromatic catabolic genes, and mobilization of these elements between chromosomal and plasmid DNA has been observed (6, 17, 18, 36, 46, 48, 54, 55, 57).
Reports of 2,4-D catabolic genes with different degrees of
similarity arranged differently on diverse plasmids and in different hosts suggest that assembly of these genes takes place by
recombination mechanisms (3, 7, 34, 37, 53). The dynamic
nature of plasmid pJP4 and other 2,4-D catabolic plasmids has
been observed and may contribute to pathway assembly in
nature. Ghosal and You (19) reported repeated sequences in
pJP4, the occurrence of duplications in response to selection

2462

MATHESON ET AL.

for 3-chlorobenzoate function, and deletions in the absence of
selective pressure, indicating the dynamic nature of this plasmid. Ka and Tiedje (28) recently reported integration of a
self-transmissible 2,4-D degradative plasmid into the chromosome of its host. The 2,4-D1 phenotype was retained by the
host, but transmissibility was lost. The plasmid later excised
from the chromosome and was again transmissible. Plasmids
pEST4011 from P. putida PaW85 and pMAB1 from Pseudomonas cepacia (Burkholderia cepacia) CSV90 both contain
2,4-D catabolic sequences highly similar to those of pJP4 (3,
34). These plasmids each undergo spontaneous deletions, resulting in loss of the 2,4-D1 phenotype from the host bacterium. These examples suggest the occurrence of recombination
events which could potentially facilitate the dissemination of
both plasmid-borne and chromosomally encoded 2,4-D catabolic genes followed by recruitment and reassembly in recipient organisms.
We have established that chromosomal tfdA genes sharing
99.5% sequence identity occur in bacterial hosts of different
species. It is therefore likely that transmission of this gene in
nature involves one or more recombination events, perhaps
mediated by a transposon. Analysis of the chromosomal sequences flanking the tfdA gene of strains TFD6 and RASC may
reveal clues to the mechanism of transfer of this region of
DNA.
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